ABSTRACT To determine whether pregnancy modifies the hyperlipidemic response to a cholesterol-rich diet, pregnant and virgin rats were fed a semisynthetic diet supplemented (CRD) or not (CD) with 2% cholesterol and 1% cholic acid and studied at d 20 of treatment and/or gestation. Plasma triglycerides, free fatty acids and glycerol and liver triglycerides were greater in pregnant than in virgin rats fed CRD. The increase in both plasma and liver cholesterol caused by CRD did not differ in the two groups. In rats fed CD, hepatic lipase activity in liver was lower in pregnant than in virgin rats, while in those fed CRD, virgin rats had lower activity than those fed CD. Plasma VLDL-triglycerides were higher and LDL-triglycerides lower in pregnant than in virgin rats fed CD. Among those fed CRD, pregnant rats had a higher triglyceride concentration in VLDL and HDL than virgin rats. Cholesterol concentration was higher in VLDL and IDL and lower in HDL in both groups fed CRD than in those fed CD, while cholesterol level in LDL was higher only in pregnant rats fed CRD than in those fed CD. Whereas placental cholesterol concentration was higher in pregnant rats fed CRD than CD, maternal CRD intake did not modify fetal plasma lipoprotein concentrations, fetal body weight or litter size, indicating a lack of cholesterol transfer by the rat placenta. Results therefore show a greater responsiveness to CRD in pregnant than in virgin rats, and we propose that CRD promotes greater liver VLDL-production and lower LDL removal in pregnant than in virgin rats.
Maternal hyperlipidemia during normal pregnancy in
Cholesterol is essential as a structural component of memwomen is due primarily to triglycerides, with smaller rises in branes and for the biosynthesis of steroid hormones. During phospholipids and cholesterol (Montelongo et al. 1992) . Increfetal life, cholesterol requirements are probably fulfilled both ments in plasma triglycerides during late gestation are found by hepatic synthesis (Carr and Simpson 1984, Leoni et al. in all the lipoprotein fractions, whereas the changes in choles-1984) and placental transfer (Chevallier 1964) , although othterol content are more moderate (Alvarez et al. 1996) . It has ers reported that maternal transfer of cholesterol is minimal even been reported that cholesterol levels in women with (Parker et al. 1983) . When lipoprotein metabolism in pregnant heterozygous familial hypercholesterolemia decrease to normal rats is severely altered by hypocholesterolemic drugs, the fetus levels during pregnancy (Mabuchi et al. 1985 ). An exaggerated is greatly affected. When cholesterol biosynthesis is inhibited increase in plasma triglycerides associated with a mild increase by statin in pregnant rats, fetal viability becomes strikingly in plasma cholesterol has also been found during late gestation compromised (Hrab et al. 1994) , indicating that the fetus in rats (Argiles and Herrera 1981) .
requires cholesterol. Reductions of maternal cholesterol levels Whereas the factors contributing to maternal hypertriglycin the rat by feeding a nonabsorbable bile acid-binding resin eridemia are well established, the reason for the preservation have been shown to increase fetal hepatic 3-hydroxy-3-methagainst an exaggerated rise in plasma cholesterol levels is not ylglutaryl coenzyme A reductase activity (Haave and Innis yet completely understood. Such preservation has been related 1988), demonstrating that fetal cholesterol metabolism is not to the estrogen-induced increase in LDL degradation through autonomous but responds to changes in maternal cholesterol LDL receptors (Knopp et al. 1994) . metabolism. However, no studies have been carried out to establish the effects of a cholesterol-rich diet (CRD) 4 on the lipoprotein profile in pregnant rats and its consequences to
TABLE 1
nitrogen before freezing at 080ЊC until analysis. Fetuses were weighed and decapitated, and their blood was collected as indicated above.
Composition of experimental diets
Blood from all the fetuses coming from the same dam was pooled and processed in parallel to that of the adults. evaluate hepatic lipase activity (Huttunen et al. 1979) . Lipids were extracted from portions of frozen placentas and livers (Folch et al. 1957) , and once phospholipids had been eliminated and depends on the dose and time of treatment, specific inwith alumina in isopropylalcohol, samples were processed for analysis creases in cholesterol and triglycerides have been detected in of total cholesterol (Boehringer Manheim, Manheim, Germany) and liver (Fungwe et al. 1993 , Tebib et al. 1994 ). This effect has triglycerides (Sigma, St. Louis, MO.).
been interpreted to be a consequence of the stimulatory effect Statistics. Data are expressed as means { SEM. Data were log cholesterol has on triglyceride synthesis, which seems to result transformed since it was necessary to achieve equal variance among from 1) a direct effect of cholesterol on promoting esterificameans. Treatment effects (diet and pregnancy) were analyzed by twotion of fatty acids and 2) an enhanced availability of fatty way ANOVA, using a computer solfware package (Systat Version acids due to both a decrease in fatty acids oxidation and an 5.03, Wilkinson, Evanston, IL). When treatment effects were signifienhancement of its synthesis (Fungwe et al. 1993, Liu et al. cantly different (P°0.05), means were tested by Tukey's test, and 1995). linear regressions were calculated by the least-squares method (Quaresima et al. 1996) . Differences between two groups were analyzed by This study was conducted to determine whether pregnancy Student's t test. modifies the responsiveness to a cholesterol-rich diet and how fetal growth and the lipoprotein profile in dams and fetuses are affected.
TABLE 2 MATERIALS AND METHODS

Effect of cholesterol-rich (CRD) or control (CD) diets on body
Animals. Female Sprague Dawley rats from our animal quarters and liver weights in virgin and pregnant rats 1 were initially fed a standard nonpurified diet (B&K Universal, Barcelona, Spain) and housed under controlled light and temperature con- virgin rats fed CRD (Table 5) .
1 Values are means { SEM. Differences between CD (n Å 7) and
Since some of the differences in the lipoprotein composi-CRD (n Å 7) groups were not significant (P ú 0.05) by t test.
tion could be caused by changes in hepatic lipase activity (HL), this was also measured. Both experimental conditions (feeding CRD and pregnancy) decreased HL activity. This RESULTS activity was lower in pregnant than in virgin rats fed either diet, and although HL activities in rats fed CRD were always The final body weight of virgin and pregnant rats fed CRD lower than in those fed CD, this difference was significant were not different from those of rats fed CD ( Table 2) . Liver only for virgin rats (Table 5 ). weights were greater in virgin rats fed CRD than in those fed CD and were greater in pregnant than in virgin rats. Conceptus, fetus and placenta weights, the number of pups per litter and the number of reabsorptions did not differ between pregnant rats fed the CRD or the CD (Table 3) .
Neither plasma cholesterol nor triglyceride concentrations differed among the four groups on day 0 of the experiment (data not shown). On d 20, plasma cholesterol concentrations were not different between virgin and pregnant rats fed CD, but they were higher in both groups fed CRD (Fig. 1) . Plasma triglyceride concentrations were greater in pregnant than in virgin rats fed CD, and they were even greater in pregnant rats fed CRD than CD (Fig. 1) .
Both plasma free fatty acid (FFA) and glycerol concentrations were enhanced by feeding CRD (Table 4) . Plasma concentrations of both FFA and glycerol were significantly greater in pregnant rats fed CRD than in those fed CD, whereas in virgin rats, the effect of CRD was only significant for FFA. Mean values for both FFA and glycerol concentrations of pregnant rats fed CRD were more than double those of virgin rats fed the same diet. In rats fed CD, liver concentrations of both cholesterol and triglycerides were slightly higher in pregnant than in virgin rats, although differences were only significant for triglycerides (Table 4) . Feeding CRD had a significant effect on both liver cholesterol and triglyceride concentrations, whereas pregnancy significantly affected only liver triglyceride concentration, which was higher in pregnant than in virgin rats (Table 4) . Placental cholesterol concentration of rats fed CRD was higher than in those fed CD, but placental triglyceride concentration did not differ in the two groups (Table 4) .
In rats fed CD, cholesterol concentrations in plasma VLDL, IDL, LDL and HDL did not differ significantly between virgin and pregnant rats (Fig. 2) . In virgin and pregnant rats fed CRD, cholesterol concentrations in both plasma VLDL and IDL were significantly higher than in those fed CD. Plasma LDL cholesterol was higher in pregnant rats fed CRD than CD and than virgin rats fed either diet. However, in both pregnant and virgin rats fed CRD, HDL-cholesterol was sig-FIGURE 1 Plasma cholesterol and triglyceride concentrations in nificantly lower than in those fed CD (Fig. 2) .
pregnant and virgin rats fed cholesterol-rich (CRD) and control (CD)
In rats fed CD, plasma VLDL triglyceride concentrations diets for 20 d. Values are means { SEM of 7-8 rats/group. Pairwise were higher and LDL triglycerides were lower in pregnant than differences were analyzed by Tukey's test after ANOVA. Different letters in virgin rats (Fig. 3) . Feeding CRD enhanced only plasma indicate significant differences between groups (P°0.05). Two-way
IDL-triglyceride concentrations in virgin rats compared to
analysis of variance after log transformation showed that CRD had a those fed CD, but in pregnant rats fed CRD, plasma VLDL, significant effect on both plasma cholesterol and triglycerides, whereas LDL and HDL triglycerides were higher than in those fed CD pregnancy had a significant effect only on triglycerides. The interaction between diet and pregnancy was not significant for either variable. (Fig. 3) .
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09-29-97 15:34:15 nutra LP: J Nut November 1 Values are expressed as means { SEM, n ¢ 7. Tukey's test was used to determine differences between groups after ANOVA. Different letters in a column indicate significant differences (P°0.05).
2 ANOVA after log transformation: effect significant, S (P°0.05) or non significant, NS (P ú 0.05).
FIGURE 2
Plasma lipoprotein cholesterol concentrations in pregnant and virgin rats fed cholesterol-rich (CRD) and control (CD) diets for 20 d. Values are means { SEM of 7-8 rats/group. Pairwise differences were analyzed by Tukey's test after ANOVA. Different letters indicate significant differences between groups (P°0.05). Two-way analysis of variance after log transformation showed that the CRD had a significant effect on VLDL, IDL, LDL and HDL cholesterol, whereas pregnancy had a significant effect on LDL and HDL cholesterol. The interaction between diet and pregnancy was significant only for LDL.
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09-29-97 15:34:15 nutra LP: J Nut November FIGURE 3 Plasma lipoprotein triglyceride concentrations in pregnant and virgin rats fed cholesterol-rich (CRD) and control (CD) diets for 20 d. Values are means { SEM of 7-8 rats/group.Pairwise differences were analyzed by Tukey's test after ANOVA. Different letters indicate significant differences between groups (P°0.05). Two-way analysis of variance after log transformation showed that CRD had a significant effect on VLDL, IDL, LDL and HDL triglycerides, whereas pregnancy had a significant effect on VLDL, LDL and HDL triglycerides. The interaction between diet and pregnancy was not significant in any of the studied variables. Differences between CD (n Å 7) and CRD (n Å 7) groups were not significant (P ú 0.05) by t test.
In fetal plasma, LDL triglycerides and LDL cholesterol were The accumulation of both cholesterol and triglycerides in the liver of virgin rats fed CRD also agrees with similar changes the main lipoprotein components (Table 6) , whereas in adult rats the most abundant lipoproteins were either VLDL or HDL, consistently found by others using diets containing a wide range of cholesterol levels (Fungwe et al. 1993 and 1994 , depending on the experimental condition of the animals or even on the lipid moiety considered (see Figs. 2 and 3 ). Fetal Sérougne et al. 1995 , Sultan et al. 1995 , Tebib et al. 1994 . Under these conditions, triglyceride synthesis is enhanced, but plasma concentrations of both triglyceride and cholesterol and their respective distributions in the different lipoprotein fraccholesterol synthesis in the liver is extremely low (Jeske and Dietschi 1980, Sérougne et al. 1987) , and although hepatic tions did not differ between fetuses of rats fed either CRD or CD (Table 6) , although all these variables were affected by LDL and HDL receptors are decreased (Jackson et al. 1994) , the great entry of cholesterol into the circulation seems to be the different diets in the dams.
enough to enhance liver uptake. The high plasma FFA and glycerol concentrations found in rats fed CRD could be a DISCUSSION consequence either of the enhancement of adipose tissue lipolytic activity, or of a breakdown of circulating triglyceride-rich This study shows that a cholesterol-rich diet fed for 20 d lipoproteins by lipoprotein lipase stimulated by an increase of causes a greater hypertriglyceridemic response in pregnant substrate, or to both. Although our results do not resolve which than in virgin rats, further enhancing the hypertriglyceridemic of these possibilities is correct, they indicate an enhanced condition of the 20-d pregnant rat. The effect mainly corresupply of lipolytic products to the liver of the rats fed CRD, sponds to an increase in both VLDL and HDL triglyceride which will also contribute to the accumulation of triglycerides concentrations. However, the increase of plasma cholesterol in the liver of these rats. concentrations caused by CRD was similar in pregnant and To our knowledge, the effects of a cholesterol-rich diet virgin rats, although LDL cholesterol concentrations in pregduring pregnancy have never been reported before. Our results nant rats fed CRD were much higher than in any of the other show a greater effect on most variables of CRD in pregnant groups. Despite the profound alteration in maternal lipoprothan in virgin rats, and there are few a specific differences that teins produced by this diet, no differences were detected in are worth discussing. In rats fed CD, the increase in estrogens the plasma cholesterol or triglyceride concentrations of fetuses occurring during gestation prevents a dramatic increase in nor in fetal lipoprotein profiles.
plasma LDL cholesterol levels because estrogens enhance LDL These findings in virgin rats fed 2% cholesterol and 1% receptor activity (Srivastava et al. 1993 ). However, our results cholic acid diet confirm and extend those reported by others show that CRD increases plasma LDL cholesterol concentrafeeding diets enriched with different amounts of cholesterol, tions in pregnant rats but not in virgin rats. This unexpected ranging between 0.5% (Fungwe et al. 1993 and 1994) to 4% hypercholesterolemia during pregnancy could be explained by (Räisänen-Sokolowski et al. 1994) for different periods of assuming cholesterol feeding drastically decreases LDL receptimes, supplied or not with cholic acid. Our results show that tor expression and activity (Jackson et al. 1994) , counteracting while the triglyceride/cholesterol ratio of VLDL, IDL and LDL the protective effects of estrogens and resulting in the exaggerwas lower in rats fed CRD than CD, the opposite effect was ated increase of LDL cholesterol concentrations detected in observed in HDL. These findings are consistent with those pregnant rats fed CRD. Another possible explanation could reported by Fungwe et al. (1992 and 1993) in virgin rats under be that an increased rate of entry of cholesterol-bearing liposimilar dietary conditions. The lower HDL cholesterol level proteins into the circulation contributes to the exaggerated found in rats fed CRD, and the proportional enrichment in increase in LDL cholesterol seen in pregnant rats fed CRD. triglycerides of these particles may be related to decreased HL Direct experiments are required to test these hypotheses. activity reported here, since this enzyme controls the converIn virgin rats, feeding CRD has a mild effect on increasing sion of triglyceride-rich HDL 2 into triglyceride-poor HDL 3 both plasma VLDL triglyceride and liver triglyceride concen- (Kuusi et al. 1982) . The effect of CRD decreasing HL activity trations. In contrast, this diet further increases the highest reported here agrees with results of Sultan et al. (1995) in values of these two variables in pregnant rats; therefore, it may nonpregnant rats showing that a cholesterol/cholate-enriched diet decreases HL gene expression.
be concluded that CRD has a greater effect promoting liver
